Summary. Foods of bovine origin have been identified as sources of Escherichia coli 0157:H7. Genomic DNA of E. coli 0157:H7 isolates from patients (six isolates), food samples (18 isolates from ground beef and six isolates from raw milk) and calf faecal samples (3 1 isolates) were characterised by pulsed-field gel electrophoresis (PFGE) and plasmid DNA analysis. These isolates originated from different locations in the USA during 1992 and 1993. Twenty-one distinct genomic profiles were generated from the 61 isolates by PFGE after digestion with the endonuclease XbaI. Four genomic profiles were identified among five patient isolates and the remaining patient isolate was not typable. Five different profiles were detected amongst the isolates from ground beef, one of which was associated with 13 ground beef isolates from an outbreak in the Pacific Northwest of the USA in 1993. The PFGE profile of five calf isolates from Washington and Wisconsin was identical to the profile of the ground beef isolates from the outbreak, suggesting that these isolates were related. Similarly, one PFGE profile accounted for three isolates from calf faeces and one from ground beef. Six raw milk isolates from Georgia were indistinguishable both from each other and from one isolate from calf faeces. Fourteen genomic profiles were identified among 3 1 calf faecal isolates from 18 different herds in 11 states. Only five plasmid profiles were identified among the 61 isolates. PFGE was shown to be a useful typing technique for E. coli 0 1 57 : H7.
Introduction
Escherichia coli 0157:H7 was first identified as a human pathogen in 1982. It causes several disease syndromes including diarrhoea, haemorrhagic colitis, haemolytic uraemic syndrome (HUS) and thrombotic thrombocytopenic pu~pura.l-~ The largest known outbreak of E. coli 0 1 57 : H7 infection involved more than 500 cases and four deaths. This was associated with the consumption of undercooked ground beef sandwiches in the Pacific Northwest of the USA in 1993 and has brought both nationwide and international attention to this ~rganism.~ Foods of bovine origin have been identified or suspected as the principal source implicated in outbreak~.l-~ Evidence suggests that in most instances the source was undercooked ground beef or, occasionally, unpasteurised milk. Cattle have been identified as an important reservoir of E. coli 0 157 : H7 and most bovine isolates have been obtained from apparently healthy ~a t t l e . l -~~~ Results of a recent study of dairy calves in 14 states in the USA revealed that 3.3 % of the animals excreted E. coli 0157:H7 in their faeces at concentrations of 102-105 cfu/g. 6 The epidemiology of E. coli 0 1 57 : H7 infection at the molecular level is not well defined. Characteristics used to differentiate strains of E. coli 0 157 : H7 include Shiga-like toxin biochemical profiles," antimicrobial susceptibility,1° phage typing,l07 l1 plasmid and bacteriophage Arestriction fragment length polymorphism (A-RFLP).'? l 2 Each of these techniques assigns E. coli 0157: H7 strains to a limited number of subtypes. In the present study, plasmid analysis and pulsed-field gel electrophoresis (PFGE) were used to characterise and compare E. coli 0157: H7 isolates from ground beef, calf faeces, raw milk and patients. The aim of the study was to determine the suitability of plasmid analysis and PFGE for epidemiological studies of E. coli 0 157 : H7. 
Materials and methods

Bacterial strains
Sixty-one isolates of E. coli 0 1 57 : H7 from different geographical locations in the USA isolated during 1992 and 1993 were tested. These included six isolates from HUS patients in Georgia, USA, 18 isolates from ground beef, six isolates from raw milk from six herds in Georgia and 31 isolates from calf faecal samples from 18 herds (table) .
Verotoxin (VT) production
The type of verotoxin produced by the 61 E. coli 0157:H7 isolates was determined by a sandwich enzyme-linked immunosorbent assay (ELISA), as described previously.6 Monoclonal antibodies 9C9 and BC5BB 12, specific for VT-1 and VT-2 respectively, were used as the capture antibodies and rabbit polyclonal antibodies raised against each toxin individually were used as the detection antibodies.
Chromosomal analysis by PFGE
Genomic DNA of E. coli 0157:H7 isolates was prepared by a modification of the method described by Bohm and Karch.13 Briefly, 0.5 ml of an overnight culture in Trypticase Soy Broth (TSB; Becton Dickinson Microbiology System, Cockeysville, MD, USA) at 37°C was transferred to 10 ml of TSB and grown at 37°C to an ODGOOnm of 1.0. The cell suspension was then pelleted by centrifugation (14000 y, 5 min) and the pellets were washed three times with 75 mM NaC1, 25 mM EDTA, pH 7-4 (SE), and resuspended in 0.5 ml of SE. Finally, 150 pl of this suspension were mixed with 850 pl of SE and 1 ml of InCert agarose (FMC, BioProducts, Rockville, Maine, USA) 1.6 YO w/v in buffer consisting of 10 mM Tris, 10 mM MgCl,, 0.1 mM EDTA, pH 7.5. The mixture was carefully dispensed into sample moulds (20 x 9 x 1.2 mm). After 10 min at 4"C, each solidified sample was cut into six plugs. Cells were lysed overnight at 56°C with vigorous agitation in 5 ml of 50 mM Tris, 50 mM EDTA, N-laurylsarcosine 1 O/ O and proteinase K 2 mg/ml, pH 8.0. On the following day, the agarose plugs were washed with 10 mM Tris, 5 mM EDTA, pH 7.5 (TE), and stored in 50 mM EDTA. Agarose-embedded DNA was digested with 50 U of XbaI (BRL, Gaithersburg, MD, USA) at 37°C overnight. The reaction was stopped by the addition of 20 pl of 0.5 M EDTA. Electrophoresis was performed with a contour-clamped homogeneous electric field device (CHEF DRII ; BioRad Laboratories, Richmond, CA, USA) and agarose 1.2% gels in 0.5 x TBE buffer (10 x TBE is 0-89 M Tris, 0.025 M EDTA, and 0.89 M boric acid). Lambda concatamer ladder (Promega, Madison, WI, USA) was used as the size marker. After electrophoresis for 46 h at a constant voltage of 150 V, pulse times of 15-70 s with linear ramping and a temperature of 12"C, the gels were stained with ethidium bromide and bands were visualised with UV transillumination. Each isolate was tested on at least two separate occasions.
Plasmid D N A analysis
A single bacterial colony was inoculated into 5 ml of TSB and incubated overnight at 37°C. Plasmid DNA was prepared by the alkaline lysis miniprep procedure of Lech and Brent,14 and electrophoresed in agarose 0.8 YO gels in 40 mM Tris-acetate, 2 mM EDTA at 100 V for 3 h. The gels were stained with ethidium bromide and bands were visualised with UV transillumination.
Results
VT production
Both VTl and VT2 were detected in the majority of isolates (49 of 61). In the remaining 12 isolates, VT2 alone was detected (table) .
Chromosomal DNA projiles by PFGE
Digestion of chromosomal DNA with XbaI yielded between 14 and 19 discernible bands, ranging from 30 to c. 1000 kb. Some bands (e.g., 440, 291, 150 and 125 kb) were common to all 0157:H7 isolates examined. Twenty-one distinct genomic profiles were generated from the 61 isolates of E. coli 0 1 57 : H7 and one isolate was not typable (table) . The genomic fingerprints of 19 representative E. coli 0157:H7 strains are shown in figs. 1 and 2. Comparison of genomic fingerprints revealed differences among strains of E. coli 0157:H7 isolated from different sources and from the same source. Four different genomic profiles were identified among the six patient isolates from Georgia ( fig. l) , one of which was shared by two isolates ( fig. 1, lane D) . A profile could not be determined for one patient isolate (isolate 58) which repeatedly appeared as a smear of degraded DNA ( fig.  1 , lane E). This may have been due to endogenous nuclease activity. Six raw milk isolates from six different herds in Georgia had an identical genomic profile ( fig. 2 , left, lane G); this profile was also given by a faecal isolate from Vermont (table). Four PFGE profiles were identified among five ground beef isolates from Oklahoma, Pennsylvania and Georgia (table), whereas only one profile was identified for the 13 ground beef isolates from the 1993 Pacific Northwest outbreak ( fig. 2, left, lane F) .
Restriction length polymorphisms were observed among the faecal isolates from different geographical locations. Fourteen genomic profiles were identified among 31 calf faecal isolates from 18 different dairy herds in 11 states. There was also considerable restriction length polymorphism among isolates from the same location; two calf faecal isolates from the same herd in Wisconsin had different profiles and identical to the 13 ground beef isolates from the outbreak (table) . Different PFGE profiles were also obtained from isolates that produced the same verotoxins ( fig. 2, left: lanes A-G, VT1 and VT2 producers; fig. 2 , right: lanes B-E, VT2 only producers). However, isolates producing different verotoxins never had identical profiles.
Plasm id analysis
A total of five plasmid profiles was observed, although two profiles accounted for 77% of the isolates. A plasmid of 97 kb was present in all 61 isolates. No other plasmids were detected in 38 isolates. All six milk isolates, two human isolates and one isolate from calf faeces had one additional plasmid of 2.2 kb. The remaining 14 isolates had one additional plasmid of 3 kb, 4 kb or 5 kb (table) .
Discussion
Conventional epidemiological typing methods such as antimicrobial susceptibility profiles, biochemical profiles, serological typing, bacteriocin typing and bacteriophage typing have been useful in describing the epidemiology of many infections. However, for organisms such as E. coli 0157:H7 that possess identical somatic and flagellar antigens and are of apparent clonal descent, simple serotype identification is insufficient to trace the source of the infecting ~rganisrn.'~~ l6 The ability to differentiate between bacterial isolates of the same serotype is essential, therefore, for epidemiological studies of this organism.
Plasmid profiles are useful when plasmids, preferably two or more, are present in most of the isolates examined. However, the loss, acquisition, or transfer of plasmids can create difficulties in interpretation. A particular problem is the possibility of conformational changes in plasmids. In one extract on a gel, the biologically active, closed circular supercoiled form of a plasmid can be present together with open circular and linear forms, produced from the same plasmid during isolation and purification procedures. Furthermore, plasmids of the same molecular size but with different DNA sequences are indistinguishable in a plasmid profile. When applied to the subtyping of E. coli 0 1 57 : H7, this technique is less discriminatory than PFGE, with only five plasmid profiles compared to 22 PFGE profiles detected in the present study. Similar results have been reported by Ostroff et al. and Paros et a1.8.9 PFGE is a derivative of conventional DNA agarose gel electrophoresis in which the orientation of the electric field is changed repeatedly. This enables the resolution of large DNA fragments generated by digesting the bacterial chromosome with restriction endonucleases that cleave the DNA infrequently? In contrast to patterns often obtained by conventional gel electrophoresis, which may be complex and difficult to compare, PFGE profiles can be easily compared. Genomic DNA fingerprinting by PFGE has been shown to be highly discriminatory for the intraspecies characterisation of a wide variety of organisms1' and has recently been applied to E. coli 0 1 57 : H7.137 ' ' 3 l7 In the present study, there was considerable polymorphism among PFGE profiles of E. coli 0157 : H7 isolates from different geographical locations and different foods, and even among isolates within a single location. In addition, some isolates had identical PFGE profiles suggesting that these isolates were epidemiologically related. In particular, the present study showed that the profiles given by the ground beef isolates from the outbreak and the calf faecal isolates from Washington and Wisconsin were the same. An investigation by epidemiologists from the Centers for Disease Control and Prevention identified five slaughter plants in the USA and one in Canada as likely sources of carcasses used in the contaminated lots of meat in the outbreak. The animals slaughtered in USA plants were traced to farms and auction barns in six western states, including Wa~hington.~ Nevertheless, with this or any other technique, the presence of what appears to be the same strain (identical profile) does not absolutely prove a direct epidemiological relationship. A more detailed epidemiological study is required to verify that a relationship exists. Interpretation of chromosomal patterns can also be difficult when isolates differ by only a few fragments. Such differences could arise within a single strain from inversions, deletions, or other re-arrangements of the chromosome or from the acquisition or loss of a prophage, transposon, or insertion sequence. Alternatively, such differences could indicate that the isolates are distantly related. Although it is not known how to interpret small variations, an evaluation of the variation present in many different isolates from the same locality may be useful in epidemiological investigations. The possibility of in-vivo changes in phenotype or genotype is not limited to this technique and represents potential limitations of any typing scheme.
The results of this study suggest that PFGE with XbaI is unable to differentiate all epidemiologically independent isolates of E. coli 01 57 : H7 and that some strains may not be typable by this technique. The use of other endonucleases or a combination of endonucleases may help overcome these limitations. However, the use of more than one method for characterising strains is preferable to any single technique and PFGE may be especially useful in conjunction with other molecular methods. PFGE generates a number of very diverse genomic DNA profiles and is useful for characterising E. coli 0157:H7. A database consisting of genomic DNA profiles of E. coli 0 157 : H7 strains obtained by PFGE would enhance the ability of epidemiologists to investigate outbreaks and to further characterise the role of E. coli 0157:H7 as an inhabitant in cattle and pathogen in man, its mode of spread and the virulence of particular strains.
